A lattice-matched monolithic triple-junction Concentrator Photovoltaic (CPV) cell (InGaP/InGaAs/Ge) was electrically and thermally interfaced to a Thermoelectric (TE) Peltier module. A SIngLe Optical (SILO) design secondary lens was bonded to the CPV-TE receiver. The hybrid SILO-CPV-TE solar energy harvesting device was electrically, thermally and theoretically investigated. The electrical performance data for the CPV cell under variable irradiance and cell temperature conditions were measured using the integrated TE module as both a temperature sensor and as a solid-state heat pump. The CPV cell was electrically characterised under Standard Test Conditions (STC) of 1000W/m 2 irradiance, 25 o C temperature and AM1.5G spectrum for comparison with literature data. Transient multiphysics simulations in ANSYS CFX 15.0 were carried out to calculate cell temperatures and to determine the short circuit current and temperature coefficient in a scaling law. The optimization was used to determine 15 model parameters for the component sub-cells within the triple-junction cell at STC with a MATLAB scaling law. The root-mean-square error in electrical currents between measurement and simulations was 0.50%.
Introduction
Concentrator Photovoltaic technology is a utility-scale option for the generation of solar electricity in areas of high (more than 2000 kWh/m 2 annual) Direct Normal Irradiance (DNI). Currently cumulative global installation capacity of CPV exceeds 370MWp (Dec 2016) [1] . Low cost concentrating optics are used to significantly increase photon flux onto a small [typically 5.5mm x 5.5mm] CPV cell. The optics concentrate sunlight (between 300x and 1000x) and homogenise photon spectral distribution increasing cell efficiency. CPV is now competitive with flat-plate crystalline Silicon Photovoltaic (PV) technologies in terms of levelized costs of electricity (LCoE) in high DNI locations. Modular CPV systems typically include dual-axis tracking to follow the sun's trajectory and maximize energy generation throughout the day. One significant benefit of CPV is the comparatively high cell and system efficiencies produced. Compound semiconductor CPV cells are structurally designed to minimize thermalisation and transmission losses. Multiple direct bandgap materials are epitaxially grown via Metal Organic Vapour Phase Epitaxy (MOVPE) or Molecular Beam Epitaxy (MBE). High purity III:V layers, with typical total thickness <10m, have almost perfect crystallinity leading to low non-radiative losses in the CPV device. High extinction coefficients and anti-reflective coating enables effective absorption of incident solar photons (wavelength range 250-2500nm) by the cell. High charge carrier mobility and separation enables full-spectrum energy harvesting at comparatively high efficiency. Currently the world record efficiency for a multi-junction solar cell is 46.0% by Fraunhofer ISE, Soitec and CEA-LETI [1, 2] . World record III:V cell efficiencies typically increase by ~1% per year. Advanced modelling indicates realistic targets of greater than 50% cell efficiency (1000x concentration) by 2020 [3 ] . High-volume production cell efficiencies closely follow this trend.
To maximize the concentration ratio (CR), two optical lenses are typically used, a Primary Optical Element (POE) and a Secondary Optical Element (SOE), situated adjacent to the CPV cell. A domed-shaped SIngLe Optical (SILO) lens, which encapsulates the CPV cell, was used as the SOE in this work [4] . High cell temperatures are an inevitable consequence of high irradiance conditions. The bandgap(s) of photon-absorbing layers are reduced at higher operational temperatures. A significant reduction in the voltage of the cell, and slight increase in photogenerated current, leads to an overall net reduction in maximum power production. The TE module in a CPV-TE receiver acts as both cell temperature sensor (via Voc) and as a heat pump (upon application of current) to accurately control the CPV cell temperature. The objectives are to increase power output and minimise thermal degradation of the CPV cell. The novel hybrid SILO-CPV-TE receiver was electrically and thermally measured under different irradiance and cell temperature conditions. Standard Test Conditions (STC), 1000W/m 2 irradiance, 25 o C temperature and AM1.5G spectrum conditions gave baseline CPV cell performance. Multiphysics simulation techniques were used to predict the time-dependent cell temperature based on the recorded indoor ambient temperature and TE measurements. The electric performance of a triple-junction cell based CPV system was then modelled.
Experimental.
The SILO-CPV-TE receiver was manufactured using standard cleanroom and wire-bonding techniques. The architecture of the device is given in Fig 1(a) [5] . The hybrid device's active components consisted of a 5.5×5.5mm area lattice-matched triple junction solar cell, integrated with a Marlow CM23-1.9 bismuth telluride TE module. A photograph of the device showing electrical contacts is given in Fig 1(b) . A water heat exchanger and appropriate thermal interface material (TIM) was used. Temperature measurements were taken at the TE cold-side and ambient temperature using a K-type thermocouple, in conjunction with a Fluke 52II thermometer. A Closed Loop Integrated Cooler (CLIC) and temperature reference chip (Temp IC) were used for additional temperature data alongside a Forward Looking Infrared thermal imaging camera (FLiR i7) for thermal distribution measurements. A LOT Oriel Class ABB solar simulator was used, as shown Fig.2 (a), with the 1kW/m 2 calibrated irradiance plane found using a Kipp and Zohan CMP11 pyranometer. Current-Voltage (I-V) data were measured using an AUTOLAB potentiostat system, and the entirety of the experiment was conducted inside a faraday cage to eliminate any ambient light effects, Fig 2 (b) . Steady-state temperatures were achieved, prior to measuring solar cell I-V curves, to eliminate changes in electrical output due to the temperature coefficient effects of the solar cell. 
Simulation
The computational domain consisted of air body between the solar simulator aperture (57mm×38mm) and the dome lens, dome lens itself, the cell and an epoxy TIM layer between the cell and the TE module surface, as shown in Fig.3 (a) and (b). The air body volume was defined as 57mm×38mm×159.7mm. The dome lens height was measured 10mm from apex to base. The cell (5.5×5.5mm) in Fig. 1 was simplified as one layer using an equivalent heat transfer property constant, calculated using 1D elementary conductive heat transfer formula [6] . The CFD package-ANSYS CFX 15.0 was used to carry out transient multiphysics simulations. The transient laminar fluid flow governing equations chosen were the Boussinesq approximation, natural convective heat transfer equations and grey radiative models. These were incorporated to describe the buoyancy-driven air flow between the solar aperture and the dome lens to investigate influence on cell temperature. The conductive heat transfer equations and grey radiative models were used for the dome lens and cell, while the conductive heat transfer equations were applied to the epoxy layer. The fluid flow, convective, conductive heat transfer equations were discretized using a finite volume method, and coupling between the continuity and momentum equations accomplished with the "SIMPLE" algorithm. The grey radiative equation was solved by means of a Monte Carlo method. The air body, and dome lens were discretized with tetrahedral elements, the cell and epoxy layer were discretized with hexahedrons. Three sets of meshes with 112888, 359217 and 1623711 elements respectively. The ambient and TE temperatures, recorded during the experiment, were input into CFX as a function of time. The average temperatures in the cell and dome lens were recorded by monitor expressions in the CFX Output Control. The time-step in the transient simulations was 100s, with 100 iterations in each time step, root-mean square (RMS) residual target 10 -5 .
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Electric model
The cell temperature may deviate slightly from the STC 25 o C at 1kW/m 2 irradiance. Hence, we used the model described in this paper to obtain the critical parameters to generate a simulated cell I-V curve. Existing scaling laws for solar cells show that the fifteen solar cell parameters at temperatures different to 25 o C can be found. The shunt resistance sh R , series resistance s R and ideality index n depend on irradiance only. The short circuit current sc I is dependent on both the cell temperature and irradiance whereas the diode reverse saturation current d I is dependent on cell temperature alone. Therefore, under a constant irradiance, sh R , s R and n remain unchanged regardless of the cell temperature, but sc I and d I vary with cell temperature [7, 8, 9] . In this scenario, the existing scaling law was expressed by equations below (1) where subscript index i =1, 2, 3 was used to denote to the top InGaP cell, middle InGaAs cell and bottom Ge cell respectively, as shown in Fig. 3 . 
Subscript 0 is the cell operating at 25 o C STC,  the short-circuit temperature coefficient, 2.2188×10 -5 A/K based on experimental I-V curves ( 
Where q is the electron charge, q =1.60217662 × 10 
Results
For proper estimation of cell temperature, a CFX transient multiphysics simulation was done, using a representative thermal contact resistance 20cm 2 s K/cal (4.7801×10 -4 m 2 K/W) between the interface of the cell and the epoxy layer. Using this correction, the temperature profile showed better agreement (Fig.5) . Under this thermal contact resistance, the cell temperature was found to be 14.86 o C at a time of 60min. For mesh1, mesh2 and mesh3, the mean cell temperatures were calculated to be 14. [ 12 ] . The resulting extracted parameters are in Table 1 and Fig 6. The calculated root-mean-square error (RMSE) of the predicted currents at two cell temperatures are compared against experimental (normalized using mean experimental Isc). 
Conclusions
Novel hybrid SILO-CPV-TE receivers have been manufactured and electrically, thermally and theoretically analysed. The integrated TE module successfully acts as both a temperature sensor and as a solid-state heat pump for the CPV cell. This experimental platform can be used to accurately measure electrical current-voltage characteristics under Standard Test Conditions (1000W/m 2 irradiance, 25 o C temperature and AM1.5G spectrum). A method for determining 15 parameters of the three component sub-cells in an InGaP/InGaAs/Ge triple-junction solar cell at STC, using experimental input data has been presented. Experimental I-V curves obtained in a solar simulator at STC and non-STC temperatures at 1kW/m 2 irradiance were used for ANSYS CFX 15.0 model validation, calibration and performance evaluation. The CPV cell temperature, short circuit current and temperature co-efficient within the hybrid device were calculated via a scaling law in the multiphysics simulations. The method was successfully coded in MATLAB and the 15 parameters for the component sub-cells were optimized/extracted at STC. A small error at the I-V curve 'knee', the location near the Maximum Power Point, is caused from the onediode model adopted here. Overall the RMSE was shown to be 0.50% in electrical currents for all three sub cells, showing excellent curve fitting and validation of both the experimental methodology and the simulation model.
Future work will include installation of a primary optical element for higher optical concentration and further development of automatic sampling. The multiphysics model presented also shows potential for modification/development to analyse band gap changes related to changes in the incident solar spectrum on the CPV cell. The experimental and theoretical work presented in this paper can be used for further thermally-dependant CPV cell characterisation (both STC and non-STC) conditions. This data will be used for future hybrid CPV-TE device architectures to optimise electrical performance, device/system lifetime and LCoE reduction.
